Caveolin-3 protein is the only member of the caveolin family that shows a unique muscle-specific expression pattern, and loss of its functional activity causes muscular dystrophy. Caveolin-3 mRNA levels are dramatically increased during the formation of myotubes in the C2C12 cell line. In this study, we characterized the human caveolin-3 5-flanking region. Promoter analyses demonstrate that the proximal E box element serves as a myogenin binding site and is both necessary and sufficient to control caveolin-3 gene transcription. Transient transfection assays indicated that overexpression of myogenin activates caveolin-3 reporter gene expression, whereas Id2 overexpression inhibited caveolin-3 promoter activation by myogenin. A mutant Id2 protein lacking the HLH domain was not capable of suppressing myogenin-mediated activation. Determination of caveolin-3 transcript distribution patterns in vivo revealed that mRNA was first detectable at day 10 of gestation in the developing somites and heart. Caveolin-3 protein in myoblasts and myotubes was expressed in both the plasma membrane and vesicular structures. During skeletal myogenesis the level of Id2, an inhibitor of differentiation, decreases, allowing the induced basic helix-loop-helix transcription factor myogenin to form transcriptionally active heterodimers that bind to the caveolin-3 promoter and thereby mediate its transcription.
In higher eukaryotes the localized assembly of signaling complexes in discrete membrane areas plays a pivotal role in mediating the specificity of signal transduction. Lateral assemblies of lipids in the plasma membrane, referred to as "rafts," represent such subdomains, which can be isolated as detergent insoluble glycolipid-enriched domains (DIGs) by sucrose gradient centrifugation (1, 2) . Several signaling molecules including G ␣ subunits are associated with the DIG fraction. The plasma membrane pits, caveolae, represent a specialized DIG domain characterized by the expression of caveolin-1 (3). Caveolae consist of small cholesterol and glycosphingolipid-enriched invaginations of the plasma membrane, which were shown to contain a number of molecules known to participate in cell signaling. These include Src-like kinases, Ha-ras heterotrimeric G-proteins, and epidermal growth factor receptors (4 -6) .
The caveolin family comprises three members, caveolin-1, caveolin-2, and caveolin-3. Caveolin-1 and caveolin-2 show an almost identical and ubiquitous expression pattern, whereas caveolin-3 expression is restricted to striated muscle tissue (7, 8) . During early muscle development, both caveolae-like structures and caveolin-3 are associated with the formation of Ttubules, suggesting involvement of caveolin-3 in the biogenesis of the T-tubule system during muscle differentiation (9) .
The specific functions of caveolin- 3 are not yet fully understood. Immunoprecipitation studies have revealed an association of caveolin-3 with the dystrophin-glycoprotein complex. This complex serves as a link between the extracellular matrix of striated muscle, the membrane, and actin located in the cytoplasm. Perturbation of this complex can lead to muscular dystrophy (10) and consistently screening of muscular dystrophy patients resulted in the discovery of mutations in the caveolin-3 gene (11) .
Expression of caveolin-3 is induced in C2C12 cells upon muscle differentiation (12) . In response to serum reduction the C2C12 myoblasts withdraw from the cell cycle and fuse to form multinuclear myotubes (13) . The myogenic basic helix-loophelix transcription factors MyoD, myogenin, Myf5, and MRF4, known as muscle regulatory factors (MRFs), 1 act at multiple stages of myogenic differentiation to establish myoblast identity and to control terminal differentiation of the muscle. MRFs also induce transcription of the myocyte enhancer-binding factor-2 family of MADS box transcription factors and thereby maintain high levels of muscle-specific gene expression (14) . Mice harboring a targeted mutation in the myogenin gene are immobile and die perinatally because of deficits in skeletal muscle differentiation, although normal numbers of myoblasts are present. These results indicate an essential role of myogenin in terminal differentiation of myoblasts into myotubes (15) .
bHLH transcription factors such as myogenin form het-erodimers with the ubiquitously expressed E47/E12 proteins and bind to the consensus E box sequence CANNTG to mediate muscle-specific gene transcription (16) . Growth factors inhibit myoblast differentiation by activation of protein kinase C resulting in phosphorylation of the DNA-binding site of bHLH transcription factors (17) . Furthermore, the inhibitor of DNAbinding Id2, a HLH protein that lacks a basic DNA-binding domain, forms heterodimers with E proteins, inhibits bHLHmediated transcriptional activation by sequestering their dimerization partners, and thereby blocks differentiation (18) . To identify and characterize important regulatory regions responsible for the tissue-specific expression pattern of caveolin-3, we cloned and characterized the human caveolin-3 promoter. In this study we demonstrate that a single E box, which is located adjacent to the 5Јend of the TATA box, is required for promoter activation during muscle cell differentiation and examine the effect of myogenin and Id2 on its activity.
EXPERIMENTAL PROCEDURES
Tissue Culture-The mouse myoblast cell line, C2C12, and the NIH 3T3 cell line, were obtained from the American Type Culture Collection. C2C12 cells were maintained in growth medium consisting of Dulbecco's modified Eagle's minimum essential medium (DMEM) with 4.5 g/liter glucose (Life Technologies, Inc.) supplemented with 10% fetal bovine serum (Life Technologies, Inc.) under a humified atmosphere containing 5% CO 2 . For the induction of myogenic differentiation and the formation of multinucleated fibers, DMEM supplemented with 2% horse serum was used (19) . NIH 3T3 fibroblasts and HeLa cells were grown in high glucose DMEM supplemented with 10% fetal calf serum.
Immunoblot Analysis-Cells were collected at various time points as specified in the text, centrifugated, and washed with phosphate-buffered saline (PBS), and whole cell lysates were prepared by resuspending the pellets in RIPA buffer (150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 1% sodium deoxycholate, 20 mM Tris-HCl, pH 7.2) containing protease inhibitors (1 M phenylmethylsulfonyl fluoride, 0.01 M benzamidine HCl, and 0.5 g each of antipain, leupeptin, pepstatin A, and aprotinin) and
Equal amounts of cell lysates, typically 20 g, were fractionated by SDSpolyacrylamide gel electrophoresis on 12% gels and transferred to methanol soaked polyvinylidene difluoride membranes at 200 mA for 90 min in a Bio-Rad mini Transblot apparatus. After staining (Ponceau S) to confirm equal loading, filters were incubated in PBS plus 0.1% (v/v) Tween 20 (TPBS) supplemented with 5% (w/v) nonfat dry milk for at least 1 h before probing antisera. First antibody incubations were performed in TPBS-milk (blocking buffer) at room temperature for 1 h and subsequently incubated with peroxidase-conjugated rabbit immunglobulin G antibody for 30 min. Antibody incubations were followed by three washes for 30 min after each antibody incubation. Antibodyantigen complexes were detected by using the ECL system (Amersham Pharmacia Biotech). Id2 antibody (Santa Cruz), myogenin antibody (Pharmingen), MyoD antibody (DAKO), and caveolin-3 antibody (Transduction Laboratories) were all used as 1:1000 dilution.
Mouse muscle tissues were homogenized in 5 ml of buffer A (5 mM HEPES, pH 7.5, 250 mM saccharose, 0.1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine, 10 mM aprotinin) by 20 strokes in a Dounce Homogenisator. After centrifugation (100 ϫ g for 10 min) the supernatant was sonicated for 20 s. Sonicates were cleared in a microcentrifuge for 8 min at 800 ϫ g. Subcellular fractionation of the supernatant was performed by centrifugation at 100,000 ϫ g for 1 h in a Beckman ultracentrifuge. The membrane fraction containing pellet was resuspended in buffer B (10 mM Tris, pH 7.5, 137 mM NaCl, 8.1 mM Na 2 HPO 4 , 2.7 mM KCl, 1.5 mM KH 2 PO 4 , 2.5 mM EDTA, pH 7.5, 1 mM dithiothreitol) and sonicated for 20 s.
Immunofluorescence Microscopy-C2C12 cells grown on glass coverslips were washed three times with PBS and fixed for 20 min at room temperature with 4% paraformaldehyde. Fixed cells were permeabilized and incubated with mouse monoclonal antibody to caveolin-3 (Transduction Laboratories) for 30 min and then incubated with fluorescein isothiocyanate-conjugated anti mouse secondary antibodies. Cells were washed three times with PBS, and slides were mounted and evaluated with a fluorescence microscope (Leica DMR).
cDNA Constructs-The fully encoding mouse myogenin cDNA (20) was cloned into the pCMXpL2 expression plasmid. The human Id2 cDNA was inserted into the pCMX vector (21) . Both cDNAs were expressed under the control of the CMV promoter. The integrity of these expression vectors was confirmed by DNA sequencing prior to use.
Isolation of Total Cellular RNA and Ribonuclease Protection AssayCells were washed twice with cold PBS (Life Technologies, Inc.), and total RNA was extracted using the Trizol reagent (Life Technologies, Inc.). Human skeletal muscle total RNA was purchased from CLON-TECH. For quantitation of mRNA expression levels a mouse caveolin-3-specific cDNA probe was generated from the nonhomologous 3Ј-untranslated mRNA region by PCR using oligonucleotides Cavup (5Ј-CTGGATCCAGGCTGGGCTGTGGGGAAGGCT-3Ј) and Cavdown (5Ј-GCGAATTCCTCAATGCCGGCAGTCACTGCT-3Ј) and cloned into the pGEM4Z vector (Promega). To generate radiolabeled sense cRNA probes, the plasmid was linearized with BamHI and in vitro transcribed using [␣- 32 P]CTP and SP6 RNA polymerase. Ribonuclease protection assay was performed with the RPA II kit (Ambion). 10 g of total RNA was used in each reaction. Subsequent to RNase treatment, protected fragments were analyzed on a 6% denaturing polyacrylamide gel (Novex). The gel was dried and exposed to Kodak AR X-Omat film. To confirm equal RNA loading a GAPDH probe was added to each reaction tube. To determine the transcriptional start site of the caveolin-3 gene, a genomic fragment spanning from Ϫ197 to ϩ77 relative to the start codon was PCR amplified and cloned into the plasmid vector pGEM4Z. Oligonucleotides used to amplify the probe were hCav-up (5Ј-GCTCTA-GACCTTCCAGAAGAGCTCCAGTCT-3Ј) and hCav-down (5Ј-CTGAA-TTCACCAGGTCAATCTCCTTGC-3Ј).
In Situ Hybridizations-Paraffin-embedded sections of mouse embryos from the strain NIH Swiss were pretreated with proteinase K (1-10 g/ml) for 30 min at 37°C, fixed in 4% paraformaldehyde/PBS (pH 7.0) for 5 min, washed twice in H 2 O, and acetylated in acetic anhydrid diluted 1:400 in 0.1 M triethanolamine (pH 8.0) for 10 min at room temperature. Finally, slides were washed twice in H 2 O, dehydrated in ethanol, air dried, and prehybridized for 4 h at 50°C in 50% formamide, 10% dextran sulfate, 10 mM Tris-Cl (pH 8.0), 10 mM sodium phosphate (pH 7.0), 2ϫ SSC, 5 mM EDTA (pH 8.0), 150 g/ml tRNA, 10 mM dithiothreitol, 10 mM ␤-mercaptoethanol. Hybridizations were performed in the same mix supplemented with 5 ϫ 10 4 cpm/l cpm of sense or antisense riboprobe at 50°C overnight. Both riboprobes were transcribed from the pGEM4Z construct used for mRNA quantification (see above). The slides were washed twice at 52°C in 50% formamide/2ϫ SSC for 30 min. After RNase A treatment (20 g/ml) for 30 min at 37°C, slides were washed five times with 50% formamide/2ϫ SSC at 55°C for 1 h or overnight at 55°C, rinsed in 2ϫ SSC, dehydrated, coated with Kodak NTB 2 emulsion, and exposed for 1 week.
Cloning of the Caveolin-3 Promoter-Five libraries of adaptor ligated genomic DNA fragments, constructed with EcoRV (library 1), ScaI (library 2), DraI (library 3), PvuII (library 4), and SspI (library 5) (PromoterFinder DNA Walking Kit, CLONTECH) were amplified according to the manufacturer's recommendations. Primary PCR reactions were performed with the provided adaptor primer 1 and the gene-specific primer Pro1 (5Ј-GTTCTTGGGGTCTCGGTTCACCAG-GTC-3Ј). An aliquot of the initial PCR reaction served as template in a secondary PCR with the provided nested adaptor primer 2 and the gene-specific primer Pro2 (5Ј-TCTGTGTGCTCTTCTGCCATCATCGC-3Ј). The main PCR fragment obtained from library 2 was cloned into the pUC18 (Amersham Pharmacia Biotech) and sequenced.
Construction of Luciferase Reporter Gene Plasmids-The various 5Ј caveolin-3 luciferase reporter gene plasmids L1-L6 were created by PCR with the Expand High Fidelity PCR System (Roche Diagnostics) and genomic DNA as template.
A common 3Ј primer matching residues ϩ 46 to ϩ 69 was used for all the constructs (Lcomm 5Ј-GGAGATCTGGGATCCACAGGAGGAGATC-CGAG-3Ј) and 5Ј primers were 5Ј-GGGCTAGCCTGCTTGTCACT-CAATACCTATCTG-3Ј for L1, 5Ј-GGGCT AGCGCACCCCACTGATG-CATGTGGAGT-3Ј for L2, 5Ј-GGGCTAGCCCAAGCAG CAGGGCCAG-GCACTG-3Ј for L3, 5Ј-GGGCTAGCGCCTAGAGAGGTGAAGTGTGC CAA-3Ј for L4, 5Ј-GGGCTAGCTCTGCATCCTCTCCTGAGGCCCAG-3Ј for L5, and 5Ј-GGGCTAGCCAGCCGGCATGCTGGGTGGGG-3Ј for L6. The PCR products were purified using the Qiaex II kit (Qiagen), digested with BglII (incorporated into the 3Ј primer) and NheI (incorporated into the 5Ј primer), and cloned into the same sites of the pGL3Basic luciferase vector (Promega). All caveolin-3/luciferase fusion constructs had a common 3Ј terminus at nucleotide ϩ69, with the fused promoter fragment varying in length from 1281 to 131 bp. Construct L1r containing the caveolin-3 promoter in the reverse orientation was cloned using primers L1 and Lcomm with switched restriction sites. The identity of all caveolin-3 promoter constructs was confirmed by sequencing prior to use.
Transient Transfection and Luciferase Assays-C2C12 and NIH 3T3 cells were plated at a density of 1 ϫ 10 5 cells/well (6-well plate) 1 day prior to transfection. Cells were transfected with 1 g of reporter plasmid using Fugene 6 as instructed by the manufacturer (Roche Molecular Biochemicals). Cotransfection with 50 ng of pTK-Renilla (Promega) expressing Renilla luciferase under the control of the thymidine kinase promoter served as an internal control. 48 h after transfection cells were washed with PBS and harvested, and luciferase activity was measured in a Microplate Luminometer LB 96 V (Berthold) using the dual luciferase system (Promega). Firefly luciferase activity was normalized relative to Renilla luciferase activity to control for differences in transfection efficiency. In cotransfection experiments 100 ng of a transcription factor expression vector or pCMXpL2 (negative control) was added.
Gel Mobility Shift Assays-Gel mobility shift assays were performed with a kit from Stratagene. Nuclear extracts from C2C12 cells were prepared as described previously (22) . 1.6 ϫ 10 7 cells were used in each experiment. Nuclear extracts were aliquoted and stored at Ϫ80°C prior to use. The protein concentration of each nuclear extract was determined by the Bradford dye assay (Bio-Rad). Four oligonucleotide probes were synthesized, designated Myouni, Myorev, Mutuni, and Mutrev. The sequences are as follows: Myouni, 5Ј-AGTGGGACAGCTGTCAGC-CG-3Ј; Myorev, 5Ј-AGCGGCTGACAGCTGTCCCA-3Ј; Mutuni, 5Ј-AGT-GGGATCGCGATCAGCCG-3Ј; and Mutrev, 5Ј-AGCGGCTGAAGGC-CTT CCCA-3Ј. The mutated oligos match the wild type Myouni/Myorev oligonucleotide sequence but contain point mutations in the E box, which are indicated in bold type. The complementary oligonucleotides were annealed, and the probes were 32 P-labeled by a Klenow fill-in reaction. An equivalent of 30000 cpm of labeled double-stranded oligonucleotide-binding site was incubated with 5 g of nuclear extract in a volume of 20 l. To compete for nonspecific DNA-binding protein, 1 g of poly(dI-dC) was included in each reaction. DNA-protein complexes were resolved by electrophoresis through 6% polyacrylamide gels (Novex) and visualized by autoradiography.
Site-directed Mutagenesis-Site-directed mutagenesis was performed using the ExSite Mutagenesis Kit (Stratagene). For deletion of the E-box motif in promoter construct L5, oligonucleotides Mut1a (5Ј-TCCCACATAACTTCAGCCTGCCTCTCTCTA-3Ј) and Mut1b (5Ј-TCA-GCCGGCATGCTGGGTGGGGCCTATTTA-3Ј) were used. PCR products containing the deletion were recircularized with T4 DNA ligase and sequenced to confirm the deletion prior to use. L1mut was generated by switching the SfuI/BglII promoter fragment containing the deleted E-box motif from L5mut into the full-length promoter construct L1.
GenBank TM Submission-The nucleotide sequence of the human caveolin-3 promoter was submitted to GenBank TM (accession number AF204690).
RESULTS
To investigate muscle-specific expression of caveolin-3, the C2C12 myoblast/myotube cell line was chosen as a model system. Caveolin-3 mRNA and protein levels have been reported to increase significantly during differentiation of C2C12 myoblasts (12) . Differentiation in this system is induced by serum reduction from 10% fetal bovine serum to 2% horse serum. Using a ribonuclease protection assay, we confirmed the presence of enhanced caveolin-3 mRNA 48 h after serum withdrawal (Fig. 1A) . Induction of caveolin-3 protein levels visualized by immunoblots after serum withdrawal paralleled the levels of induced caveolin-3 mRNA (Fig. 1B) . We also examined the subcellular localization of caveolin-3 in C2C12 cells by immunofluorescence microscopy. Caveolin-3 was only detectable in vesicular structures, concentrated at the plasma membrane of the C2C12 myotubes (Fig. 1C) . The same localization pattern was observed with a caveolin-3 GFP construct in HeLa cells (data not shown). To further confirm the localization of caveolin-3 in the plasma membrane, cell lysates of mouse skeletal muscle tissue were separated into a membrane and a cytosolic fraction. Western blot analyses revealed caveolin-3 exclusively in the membrane fraction (Fig. 1D) .
To study in detail the expression pattern of caveolin-3 mRNA during embryonic development, we performed in situ hybridizations to paraffin-embedded murine embryo specimens. To avoid signals resulting from cross hybridization with other members of the highly homologous caveolin family, a specific cRNA probe was prepared from the 3Ј-untranslated region of the mouse caveolin-3 mRNA. In mouse embryos dissected at stages E10, E11, E12, and E15 (Fig. 2) caveolin-3 expression was detected in skeletal and heart muscle. The earliest signal was found in the myocardial wall of the common ventricular heart chamber ( Fig. 2A, arrowhead) . Fig. 2B displays a sagittal section of a mouse embryo of gestational stage E11. Here, caveolin-3 mRNA is detectable in the heart, most prominently in the wall of the bulbus cordis (asterisk). Also faint signals are visible in the right atrial chamber. The somites at this time clearly show caveolin-3 expression (arrowheads). During the next days of development (Fig. 2, C and D) caveolin-3 was expressed with increasing intensity in all recognizable skeletal muscles, very prominently in the tongue, and even in the small muscles of the facial whisker pads. The entire myocardium at day 15 showed strong signals (Fig. 2D) . Interestingly, no caveolin-3 expression was detected in tissues containing smooth muscle such as the urinary bladder, stomach and intestinal wall (Fig. 2D, asterisk) . In summary, results of in situ hybridizations revealed that in vivo caveolin-3 expression is restricted to striated muscle, both in cardiac and skeletal muscle tissues, and is induced late during differentiation.
To investigate the transcriptional regulation of caveolin-3 expression, we cloned and sequenced the 5Ј-flanking region of the human caveolin-3 gene (Fig. 3A) . Previous 5Ј rapid amplification of cDNA ends-PCR analysis indicated a single transcription start for the caveolin-3 gene (8) . We determined the exact position of the caveolin-3 start site by RNase protection assay using an antisense RNA probe derived from genomic DNA spanning almost 200 bp upstream of the translational initiation codon and corresponding to Ϫ197 to ϩ77 bp. This probe was hybridized to 10 g of human skeletal muscle RNA or tRNA as negative control and RNase-treated to cleave single-stranded RNA. A sequencing reaction was loaded on the same gel to allow the accurate determination of the product size (Fig. 3B) . One strong signal was detectable confirming one major transcription start 81 nucleic acid residues upstream of the translational start codon. As displayed in Fig. 3A , a consensus TATA box was identified 34 bp 5Ј of the transcriptional start site. In a computer homology search for other cis-acting regulatory motifs that have been implicated in skeletal muscle gene regulation, we identified four consensus E box elements that represent putative binding sites for basic helix-loop-helix transcription factors (Fig. 3A, underlined) . To investigate which of these motifs are required for activation of the caveolin-3 promoter in response to skeletal muscle cell differentiation, we cloned a series of human caveolin-3 promoter deletion constructs into the promoterless luciferase reporter plasmid pGL3 Basic (Promega). These reporter constructs were transiently transfected into C2C12 cells, and luciferase activity was measured 48 h after transfection (Fig. 4, bars a-f) . Cotransfection of a thymidine kinase promoter driven Renilla luciferase reporter construct (Promega) was used to normalize for transfection efficiency in each experiment. As shown in Fig. 4 , all promoter constructs L1 to L5, but not L6, supported high levels of reporter gene expression in C2C12 cells following serum withdrawal for 48 h. These results suggested that L6 lacks a cis-regulatory element mediating muscle-specific caveolin-3 expression. Because the most 3Ј E box at position Ϫ64 is deleted in the L6 construct, we further investigated a specific function for this element following in vitro mutagenesis. Consistently, deletion of the E boxes at positions Ϫ793, Ϫ585, and Ϫ5417 showed no effect on the transcriptional activity of the promoter reporter constructs (data not shown), but deletion of the E box 1 in the L5 promoter construct resulted in significant decrease of promoter activity (Fig. 4, bar g ). To determine whether one of the distal E boxes can substitute for the loss of E box 1, we generated a full-length promoter construct harboring a specific deletion of E box 1 (L1mut). As shown in Fig. 4 (bar h) deletion of E box 1 led to almost complete inactivation of caveolin-3 promoter function in C2C12 cells. These experiments highlight the importance of E box 1 (CAGCTG) located at position Ϫ64 adjacent to the TATA box.
A luciferase construct containing the entire 5Ј-flanking region in the reverse orientation revealed no transcriptional activity (Fig. 4, bar i) . To ensure that the transcriptional induction of the caveolin-3 promoter activity is due to the differentiation process and not to serum withdrawal, the L5 and L6 constructs were transfected into NIH 3T3 fibroblasts and cultured in medium supplemented with 2% or 10% fetal calf serum. As shown in Fig. 4 (bars j and k) , both reporter plasmids were inactive under either condition. In summary, we concluded from these results that the E box 1 harbors an important cis-regulatory element that controls muscle-specific transcription of the caveolin-3 gene in differentiated C2C12 cells.
Because E box elements are known to serve as binding sites for myogenic bHLH transcription factors, we examined the influence of the muscle regulatory factor myogenin, which is is induced in C2C12 upon serum withdrawal and plays an essential role in myoblast terminal differentiation (15), on caveolin-3 promoter activity. The luciferase reporter construct L1, which includes the entire 5Ј-flanking region was cotransfected with a myogenin expressing plasmid. Myogenin expression was verified by Western blot analysis (data not shown). As displayed in Fig. 5 overexpression of myogenin dramatically increased the caveolin-3 promoter activity in undifferentiated C2C12 myoblasts. In the differentiated C2C12 myocytes, myogenin was sufficient to induce caveolin-3 expression.
Overexpression of myogenin in NIH3T3 fibroblasts causes a myocyte phenotype (23) . Therefore, we also investigated the consequence of myogenin overexpression in 3T3 cells on the L1 . Note signals in all later stages of heart development and in somites (arrowheads in B). Very strong expression is observed in tongue starting at E12 and in all other skeletal muscles but not in smooth muscles (asterisk in D). ht, heart; sm, skeletal muscle; tg, tongue.
FIG. 3. Promoter sequence and mRNA start site of the human caveolin-3 gene.
A, the caveolin-3 promoter sequence was cloned using the genome walker kit libraries (CLONTECH). Four E box motifs are marked in bold type and underlined. The TATA box is displayed in bold type, the cytidine at the mRNA start site is printed in italic bold type, and the ATG start codon is in bold type and double-underlined. B, the transcriptional start site (TS) was mapped performing an RNase protection assay using a cRNA probe derived from a genomic fragment spanning from 197 bp upstream of the initiation start codon to ϩ77 bp downstream. Lane 1 shows the size of the protected fragment, and lane 2 shows the cRNA probe alone. The sequencing reaction is displayed at the right as a separate part because of different exposure times.
caveolin-3 promoter activity. Consistently, myogenin transfection into NIH3T3 cells resulted in induction of caveolin-3 promoter activation (Fig. 5) . Serum starvation of myogenin-transfected NIH3T3 cells (0.1% serum) resulted in an even enhanced transactivation of the caveolin-3 promoter (data not shown). This effect may be explained by reduced levels of Id2 expression levels in starved NIH3T3 cells.
Id genes function as inhibitors of differentiation by forming inactive heterodimers with basic HLH proteins and thereby blocking bHLH-mediated transactivation of differentiationspecific gene expression (18) . Cotransfection of the L1 construct with an Id2 expression plasmid (21) in C2C12 cells revealed suppression of L1 reporter gene transcription, following serum withdrawal. Cotransfection of myogenin expression plasmid also failed to induce caveolin-3 promoter activity in the presence of Id2 (Fig. 5) . A mutant Id2, which lacks the HLH domain and is defective in heterodimerization with bHLH factors, was not capable of suppressing myogenin-induced activation of the caveolin-3 promoter or activation ocurring as a result of serum withdrawal (Fig. 5 ). These results demonstrate that activation of the human caveolin-3 promoter occurs in the presence of the myogenic bHLH transcription factor myogenin and can be blocked by HLH interactions with inhibitory dimerization partners such as Id2.
To analyze DNA-protein complexes interacting with E box 1, synthetic oligonucleotides forming a double-stranded E box 1-binding site were annealed and used for electromobility shift assays (Fig. 6) . In addition, a second oligomeric-binding site was synthesized containing point mutations in the E box 1 consensus sequence as indicated under "Experimental Procedures." The wild type E box 1 oligomere formed a single band shift that was present exclusively in C2C12 myotube but not in myoblast nuclear extracts (Fig. 6, lanes 2-4) . A significant portion of this band shift was further retarded upon addition of myogenin antibody (Fig. 6, lane 7) but not upon addition of an unrelated c-Fos antibody that served as a negative control (Fig.  6, lane 8) . Further competition experiments with 50-fold molar excess of unlabeled wild type and mutated oligomeric-binding sites were performed to control the specificity of the band shift experiments. Incubation of the binding reaction with unlabeled wild type binding site completely inhibited detection of the retarded complex (Fig. 6, lane 5) , whereas a 50-fold molar excess of mutated binding site had no effect on the the band shift (Fig. 6, lane 6) . Taken together these data define the cis-regulatory element E box 1 located at position Ϫ64 in the caveolin-3 promoter as a myogenin-binding site.
Finally, we determined by Western blot analysis the expression of MoyD, myogenin, and Id2 in undifferentiated C2C12 myoblasts and after serum withdrawal. As shown in Fig. 7 (top panel) MyoD was expressed in both undifferentiated and differentiated C2C12 cells, whereas myogenin expression was specifically detected in differentiated C2C12 cells 48 h after serum withdrawal. In parallel the Id2 level decreased during the muscle differentiation process (bottom panel), strongly suggesting a physiological role as an inhibitor of differentiation.
To further determine whether Id2 functions as a negative regulator of caveolin-3 promoter activity in vivo, we compared expression patterns of Id2 and caveolin-3 in the dermatomyo- Immediately after transfection one fraction of C2C12 cells was cultured in 2% horse serum containing medium (gray bars), whereas the other fraction was continuously maintained in 10% fetal bovine serum medium (black bars). Luciferase activity was determined 48 h after transfection. Expression of myogenin, Id2, and the mutant Id2 was verified by Western blot analysis (data not shown).
tome of developing somites and differentiated skeletal muscle tissue by in situ hybridization to murine embryos. As shown in Fig. 8 , we observed very strong Id2 signals in undifferentiated muscle precursor cells at gestational age E10 but not in differentiated skeletal muscle at gestational age E16. Vice versa, caveolin-3 expression was absent in Id2-positive myoblasts but very high in Id2-negative differentiated muscle tissues. These results further point to myogenin as an important regulator of caveolin-3 expression because induction of myogenin and concomitant decrease in the level of the myogenic inhibitor Id2 parallel the pattern of caveolin-3 expression during differentiation of myoblasts. DISCUSSION We have previously isolated and determined the entire cDNA sequence of the human caveolin-3 gene (8) . In this report we cloned and characterized the human caveolin-3 promoter and identified an important cis-regulatory E box element controling caveolin-3 gene transcription during skeletal muscle differentiation. Our results provide conclusive evidence that the formation of an active transcription complex on the caveolin-3 promoter in mouse C2C12 myotubes is critically dependent on binding of the bHLH transcription factor myogenin to the E box 1 located adjacent to the TATA box.
For our study we used the C2C12 myoblast/myotube system because these cells display many of the morphological and genetic characteristics of the skeletal muscle differentiation program. In these cells caveolin-3 expression parallels the in vivo expression pattern observed during embryonic differentiation. Formation of myotubes from C2C12 myoblasts induced by serum withdrawal is accompanied by transcriptional induction of muscle-specific genes (14) . A complex set of musclespecific and ubiquitous transcription factors has been identified that cooperatively controls muscle-specific transcription (24) . Well characterized muscle-specific transcription factors of the MRF family, including MyoD (23), myogenin (20) , Myf5 (25) , and MRF4 (26), bind to E box motifs consensus to the sequence CANNTG (27) present in muscle-specific gene promoters.
Although the 5Ј-flanking sequence of the caveolin-3 gene contains several E box elements, promoter deletion experiments revealed that the loss of three E-boxes did not significantly affect luciferase expression in C2C12 myotubes. However, in vitro mutagenesis of the E box 1 adjacent to the TATA box resulted in strong inhibition of caveolin-3 gene transcription in C2C12 myocytes. EMSA analysis using a myogenin antibody identified E box 1 as a specific myogenin-binding site occupied during C2C12 differentiation (Fig. 6) . Consistently, Western blot analysis confirmed that myogenin expression was induced upon serum withdrawal, subsequently leading to dif- ferentiation (20) . Structural analyses of the MyoD bHLH domain-DNA complex by x-ray crystallography has revealed limited specificity of MyoD and myogenin for the central two base pairs of the E box consensus sequence (28) . These two myogenic transcription factors bind preferentially to the sequence CAGCTG in contrast to other bHLH factors (8) . In good agreement, E box 1 serving as a myogenin-binding site matches precisely the preferred sequence. The important role of myogenin is further supported by our results from cotransfection studies using myogenin and Id2 expression plasmids, which led either to activation or to inhibition of caveolin-3 mRNA induction. These experiments clearly underline that the myogenic transcription factor myogenin and the inhibitor of differentiation Id2 direct caveolin-3 expression during skeletal muscle cell differentiation and provide further evidence that myogenin and MyoD do not exert entirely redundant functions. Recently, specific expression patterns of all three caveolin genes have been detected in adult brain tissues (29) . Therefore, it can be speculated that the distal E box elements may serve as enhancer element in neuronal or glial cells.
The spatial and temporal patterns of caveolin-3 mRNA distribution during mouse embryonic development again points to an important role of myogenin in regulating caveolin-3 mRNA expression. The earliest detection of myogenin transcripts is at 8.5 days in all somites (20) compared with 11 days for caveolin-3 mRNA (Fig. 2) . Thus, myogenin expression precedes caveolin-3 induction during the skeletal muscle differentiation program in vivo, and significant expression of caveolin-3 is not observed prior to down-regulation of Id2.
Our data indicate that the bHLH transcription factor myogenin binds to the proximal E box 1 in close proximity to the TATA element. Intriguingly, the desmin promoter is regulated in a similar way. Both the distance between the E box and the TATA box and the distance from the mRNA start site have been shown to be important for transactivation of the desmin promoter by MyoD and myogenin (30) . Therefore, it is possible that direct interactions between myogenin and the basal transcription machinery, potentially mediated by TATA-binding protein-associated factors (TAFs) specifically expressed in differentiated myotubes (31) , depend on restricted spatial requirements that are crucial for caveolin-3 gene transcription.
